Aim: aromatase is an important target for drugs to treat hormone-dependent diseases, including breast cancer. The aim of this study was to develop a homogeneous time-resolved fluorescence (HTRF) aromatase assay suitable for high-throughput screening (HTS). Methods: A 384-well aromatase HTRF assay was established, and used to screen about 7000 compounds from a compound library. Anti-proliferation activity of the hit was evaluated using alamarBlue(R) assay in a hormone-dependent breast cancer cell line T47D. Molecular docking was conducted to elucidate the binding mode of the hit using the Discovery Studio program. Results: The Z′ value and signal to background (S/B) ratio were 0.74 and 5.4, respectively. Among the 7000 compounds, 4 hits (XHN22, XHN26, XHN27 and triptoquinone A) were found to inhibit aromatase with IC 50 values of 1.60±0.07, 2.76±0.24, 0.81±0.08 and 45.8±11.3 μmol /L, respectively. The hits XHN22, XHN26 and XHN27 shared the same chemical scaffold of 4-imidazolyl quinoline. Moreover, the most potent hit XHN27 at 10 and 50 μmol/L inhibited the proliferation of T47D cells by 45.3% and 35.2%, respectively. The docking study revealed that XHN27 docked within the active site of aromatase and might form a hydrogen bond and had a π-cation interaction with amino acid residues of the protein.
Introduction
Breast cancer is one of the most common cancers [1] . Estrogens and the estrogen receptor (ER) are well known for playing an important role in the development and progression of breast cancer [2, 3] . Aromatase is encoded by the cyp19a1 gene [4, 5] , belongs to a particular reticulum-bound cytochrome P450 superfamily and forms an electron-transfer complex with its partner, NADPH-cytochrome P450 reductase (CPR). During the aromatization reaction, electrons are transferred from NADPH, through CPR, to the heme of aromatase, then to the androgen substrate [6] . It is a rate-limiting enzyme of great importance that catalyzes the irreversible conversion of androstenedione (Δ4A) and testosterone into estrogen, estrone and estradiol (E 2 ) [7] , thereby controlling the androgen/estrogen ratio sustaining the endocrine balance. Thus, the control of aromatase gene expression is crucial, and aromatase is becoming an important target for developing drugs to treat hormone-dependent diseases, including breast cancer, prostate cancers or other diseases related to aromatase overexpression, such as growth disorders or sexual precocity [8, 9] . Aromatase inhibitors (AIs) are continuously being developed that have considerable clinical impact on the production of estrogen among post-menopausal women and thereby on breast cancer [10, 11] . Currently, AIs are classified into two subtypes: steroidal and non-steroidal. Steroidal AIs, also Discovery of novel aromatase inhibitors using a homogeneous time-resolved fluorescence assay known as type I inhibitors and represented by formestane and exemestane, first bind to the substrate-binding site of aromatase and become a reactive intermediate that covalently binds to aromatase causing irreversible inhibition. Type II or non-steroidal AIs, covalently bind to aromatase, resulting in irreversible inhibition. Non-steroidal AIs include anastrozole, vorozole, and letrozole [12, 13] . Previous studies have demonstrated that AIs provide an increased survival benefit compared with other therapies and have acceptable toxicity profiles with decreased virginal bleeding and thromboembolism and increased rash, diarrhea and vomiting [14, 15] . As AIs sometimes have more severe bone, brain and heart side effects, research for alternative compounds is necessary [15] [16] [17] . Natural products, extracted from traditional medicines and foods, may be helpful for discovering novel AIs that may selectively target aromatase in the breast and reduce systemic toxicity [18] . Among these compounds, flavonoids [19] are the most commonly investigated agents due to their prominent aromatase inhibitory activity and high breast selectivity [18] . Moreover, flavonoids may modulate the multi-step process of carcinogenesis through cellular and molecular mechanisms [19] . Biochanin A (BCA), isolated from red clover (Trifolium pretense), is a common isoflavone product that can inhibit aromatase activity and cell growth in MCF-7 cells [20] . Furthermore, cyp19a1 mRNA abundance was significantly reduced by BCA through promoter regulation in SK-BR-3 cells [20] . The classical tritiated water release assay [21, 22] is widely used to measure aromatase activity, which uses human placental microsomes or JEG-3 human choriocarcinoma cells as enzyme sources and quantifies the release of tritium from the 1β-position of Δ4A into the aqueous phase. Other aromatase assays based on high performance liquid chromatography (HPLC) separation with UV detection [23] and the fluorometric substrate, O-benzylfluorescein benzyl ester (DBF) [24] , using recombinant human aromatase have also been developed to eliminate the hazards of using radiolabeled materials. However, absorbance or fluorescence interference from test compounds has restrained the HTS application of these methods. Homogeneous time-resolved fluorescence (HTRF) [25, 26] technology is an immunoassay that is based on a fluorescence resonance energy transfer (FRET) between a tris-bipyridine europium cryptate used as a long-lived fluorescent donor and a chemically modified allophycocyanin used as acceptor [27] . This technology has been documented to be a sensitive and reliable method for the HTS of diverse enzyme and receptor targets because of its reduced inter-well variation and fluorescence interference [28] . In this study, we developed an HTRF aromatase assay method and discovered several novel lead compounds that are potent aromatase inhibitors by screening a small compound library. These results will contribute to the development of novel anti-breast cancer drugs.
Materials and methods

Reagents
Human CYP19+P450 reductase supersomes were purchased from BD Biotech (CA, USA). An HTRF estradiol kit was purchased from Cisbio Bioassays (Gif-Sur-Yvette, France). β-Nicotinamide adenine dinucleotide 2'-phosphate reduced tetrasodium salt (NADPH) was acquired from Roche Applied Science (Basel, Switzerland). Testosterone, Δ4A, E 2 , and letrozole were purchased from Dalian Meilun Biotech Co (Dalian, China). Dimethyl sulfoxide (DMSO), penicillin, and streptomycin were purchased from Sigma-Aldrich (MO, USA). RPMI-1640 medium, fetal bovine serum (FBS) and alamarBlue® assay kits were obtained from Life Technologies (NY, USA).
Assay development and optimization
Enzyme reactions were conducted for 1 h at 37 °C in white 384-plates (#3674, Corning, MA, USA) and then 5 μL of estradiol-XL665 conjugate and anti-estradiol cryptate conjugate (Cisbio Technologies) were added 2 h before reading the plate. Reaction volumes of 10 μL contained 15 nmol/L aromatase, 30 nmol/L testosterone and 600 nmol/L NADPH in an assay buffer consisting of 50 mmol/L potassium phosphate, pH 7.4, 0.5 mmol/L ethylenediaminetetraacetic acid (EDTA) and 5 mmol/L magnesium chloride. The enzyme reaction solution was combined with 5 μL estradiol-XL665 conjugate and 5 μL anti-estradiol cryptate diluted in reconstitution buffer (50 mmol/L phosphate buffer, pH 7.0, 0.8 mol/L KF, 0.2% BSA) in the white 384-plates mentioned above. After incubating at room temperature for 2 h, fluorescence was measured at 620 nm and 665 nm using an Envision multilabel plate reader (PerkinElmer, MA, USA) with a 100 μs delay. The HTRF ratio was defined as following: Ratio=(Em 665 nm /Em 620 nm )×10 4 . Data were converted from HTRF ratio values to Delta F% via the following equation: Delta F%=[(Sample Ratio-Ratio neg )/ Ratio neg ]×100. Ratio neg is the HTRF ratio value of the negative control (enzyme reaction replaced by 10 μL assay buffer and estradiol-XL665 by 5 μL reconstitution buffer). The EC 80 was calculated using PRISM version 5.0 software (GraphPad Software Inc, CA, USA) from the non-linear curve fitting of the Delta F% value versus the NADPH concentration.
Determination of compound potency
Approximately 7000 compounds (10 mmol/L stock solution in DMSO) from the compound library of the National Nanjing Center for Drug Screening were plated into white 384-plates (Corning, MA, USA) using a Biomek NX P liquid handling workstation (Beckman Coulter, CA, USA). The enzyme and the mixed solution of testosterone and NADPH diluted in buffer were added into the wells using a Multidrop reagent dispenser (Thermo Electron Corp, MA, USA) and the plates were incubated at 37 °C for 1 h. A multichannel pipette was used to add the detection reagents (5 μL estradiol-XL665 conjugate and 5 µL anti-estradiol cryptate conjugate, respectively). After incubation at room temperature for 2 h, the HTRF signals were measured using an Envision multilabel plate reader.
A hit was defined as a compound that displayed ≥50% inhibition in the primary screening. The hits selected from the primary screen were serially diluted to determine the half maximal inhibitory concentration (IC 50 
Molecular docking
Molecular docking was completed using CDOCKER (Discovery Studio 2.0). CDOCKER is a grid-based molecular docking method that employs CHARMm. The receptor is held rigid while the ligands are allowed to flex during the refinement [29] . The crystal structure of aromatase (PDB code: 4KQ8, 3.29 Å) was defined as the target, and the active site of aromatase was defined according to the volume occupied by Δ4A, the known ligand crystallized in the active site. The active compound XHN27, the natural isoflavone product BCA [30] and the extensively used aromatase inhibitor, letrozole, were docked into the active site of aromatase to determine their preferential conformations. During the docking process, the top 10 conformations were generated for each ligand based on the docking score after energy minimization using the smart minimizer method, which begins with the steepest descent method followed by the conjugate gradient method. For each final pose, the CHARMm energy and the interaction energy are calculated. The poses are sorted by CHARMm energy and the 10 top scoring poses are retained [31] . The binding modes were validated by the hydrogen bond interactions and π-π interactions between the candidate molecules and active site residues.
Cell proliferation assay T47D cells were maintained in RPMI-1640 medium containing 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin, grown at 37 °C in 5% CO 2 . Before treatment with test compounds, cells were steroid deprived using RPMI-1640 supplemented with 10% charcoal-stripped FBS for 3 d. Because T47D is an ER-positive breast cancer cell line that increases cell proliferation in response to estrogen [32] , the inhibition induced by the test compounds on this cell line is ascribed to their aromatase inhibition activity. For the cell proliferation assay, cells were seeded into 96-well black clear-bottom plates (10 000 cells per well) and allowed to attach overnight. Cells were treated with 10 nmol/L Δ4A or 1 nmol/L E 2 and various concentrations of test compounds (0.2, 1, 3, 10, and 50 μmol/L) for 3 d or 6 d. Each concentration was tested in triplicate. The proliferation assay was performed using the alamarBlue® assay as previously described [33, 34] . A Safire 2 microplate reader (Tecan, Switzerland) was used to detect the fluorescent intensity at Ex 560 nm/Em 590 nm. The inhibition rate was calculated using the following formula: % inhibition=[1-(RFU sample -RFU blank )/ (RFU negative -RFU blank )]×100. RFU sample , RFU blank , and RFU negative are the fluorescent intensity of the sample wells, control wells without cells and negative control wells containing 0.5% DMSO, respectively.
Statistical analysis
The data from the inhibition assays were analyzed from the non-linear curve fitting of the Delta F% value versus the inhibitor concentration using PRISM version 5.0 software (GraphPad Software Inc, CA, USA). Data are expressed as the mean±SEM. The significance of differences between groups were evaluated using a one-way analysis of variance (ANOVA) followed by a Dunnett multiple comparison posttest. Differences were considered to be statistically significant at P<0.05.
Results
Establishment of a 384-well HTRF aromatase assay A 384-well aromatase HTRF assay was established by quantifying estradiol production during the aromatase reaction. This detection method relies on competitive binding of exogenous, free estradiol disrupting the donor-acceptor complex. Therefore, the observed HTRF signal decreased with increasing amounts of product estradiol ( Figure 1A and 1B). As it is typical for HTRF, the long lifetime of the donor fluorophore employed minimizes fluorescence interference due to buffers or test compounds.
To define the standard titration for testosterone, the K m of the substrate was estimated. Because there is cross reactivity between testosterone and estradiol, testosterone (>150 nmol/L) could interfere with estradiol detection in our assay (Figure 2A) . The velocity was plotted as a function of testosterone concentration, and the K m of testosterone was calculated using the Michaelis-Menten equation ( Figure 2B ). The calculated K m of testosterone was 23.37±4.67 nmol/L, which corresponds to data reported in previous studies [24] . To allow for IC 50 measurements of a similar magnitude K i for competitive inhibitors, we selected an optimized assay condition of 30 nmol/L testosterone.
To determine the optimal condition for estradiol measurements, the time-dependence of enzyme activity and dosedependence of NADPH were examined. Reaction progression curves were generated at several enzyme concentrations using the HTRF assay ( Figure 2C ). Reaction conditions with aromatase at 15 nmol/L for 60 min were then used to determine the optimal NADPH concentration. The plots of Delta F% as a function of the concentration of NADPH indicated that 600 nmol/L was appropriate for our assay ( Figure 2D) .
Because all compounds were dissolved in DMSO, the effect It was found that this assay had a high DMSO tolerance. The DMSO concentration was less than 1% during testing and has no significant effect on the Delta F% in the assays.
Determination of assay performance
To characterize the assay variability in the 384-well plate, an automated liquid handling system was employed including a Multidrop (Thermo Electron Corp, MA, USA) and Biomek NX P (Beckman Coulter, CA, USA). The wells in column 1 were used as minimal controls and those in column 2 as maximal controls. The Z´ factor is a parameter defined to reflect data variation and is widely used to assess assay quality for high-throughput screening [35] . The Z´ factor for this aroma- To further test the utility of the HTRF assay for measuring inhibitor potency, the IC 50 value of letrozole, a known inhibitor of aromatase, was determined. Letrozole was dissolved in DMSO to make a stock solution of 10 mmol/L, and the solution was serially diluted using assay buffer. A representative concentration-response curve of letrozole was plotted using PRISM version 5.0 software (GraphPad Software Inc, CA, USA) ( Figure 3A) , and IC 50 value was 26.0±6.6 nmol/L, which coincides with previously reported data [36] [37] [38] . Our results indicate that the aromatase HTRF assay is a potentially robust assay that can be used to determine the potency of aromatase inhibitors. Figure 3B ), indicating that BCA possesses a relatively weak activity against aromatase compared with the imidazolyl quinoline derivatives discovered in this study. The other confirmed hit, TQA (Figure 4D) , extracted from Tripterygium wilfordii, was less potent compared with XHN27 ( Figure 4C) , with an IC 50 against aromatase of 45.8±11.3 μmol/L.
Evaluation of selected hits to inhibit cell proliferation rates
To examine the pharmacological properties of the hit compounds on aromatase, cell proliferation assays were performed. T47D cells were treated with Δ4A and increasing concentrations of XHN27, BCA or letrozole for 3 d and 6 d, and the inhibition of cell proliferation was evaluated using the alamarBlue ® assay. Letrozole was a more potent inhibitor of cell proliferation than XHN27 and BCA ( Figure 6A, 6B) . The inhibition rate of letrozole (3 μmol/L) was 54.6% after 6 d ( Figure 6B ), while XHN27 at 50 μmol/L was 45.3%, and 35.2% at 10 μmol/L. Moreover, XHN27 exhibited increased cytotoxicity against T47D cells compared with BCA, which inhibited T47D cell proliferation by 30.6% at 50 μmol/L and 18.7% at 10 μmol/L after 6 d.
To address whether reduction in cell viability was due to aromatase inhibition, we evaluated the effects of compounds on estradiol (E 2 )-treated T47D cells for the same periods of time as for Δ4A-treated cells. As presented in Figure 6C and 6D, exogenous E 2 was able to rescue the anti-proliferation effects of 3, 10, and 50 μmol/L XHN27 on T47D cells following treatment for 6 d when compared with co-treatment with ∆4A and XHN27. The inhibition rates decreased from 45.3% in Δ4A-treated cells to 24.4% in E 2 -treated cells after administration with 50 μmol/L XHN27 for 6 d, from 35.2% to 19.6% after administration with 10 μmol/L XHN27, and from 24.6% to 7.7% after administration with 3 μmol/L XHN27. These results indicated that XHN27 inhibited T47D cell proliferation through aromatase inhibition.
Analysis of XHN27 binding mode XHN27 was discovered to possess the best aromatase inhibitory activity among the selected hit compounds and had pharmacological properties against breast cell proliferation in our previous assay. To clarify the binding mode of XHN27 with aromatase compared with letrozole and BCA, these three molecules were docked into the active site of aromatase. The crystal structure of the enzyme was obtained from the Protein Data Bank (PDB). According to previous literature [39] , the resi- a π-cation interaction with the Fe atom ( Figure 8A ), which may explain its affinity for the enzyme. Furthermore, one of the benzonitrile groups extended into the access channel that links the active site to the outer surface. Thus, letrozole would tightly bind in the pocket instead of Δ4A.
Similar to exemestane, the A-ring of BCA is accommodated in a hydrophobic crevice surrounded by the side-chain C atoms of Thr 310, Val 370, and Ser 478 ( Figure 7B ). However, the two hydroxyl groups in the A-ring and the adjacent carboxyl group of the C-ring may attenuate the hydrophobic interaction between them. The B-ring failed to be accommodated in the pocket surrounded by Ile 133, Phe 134, Leu 372, Val 373, and Met 374 ( Figure 7B) . Moreover, the methoxy in the B-ring provides low affinity with the side chains of Phe 134, Leu 372, and Met 374, ascribed to steric factors. However, the π-π stacking interaction between the A-ring, C-ring, and benzene ring of Trp 224, together with the interaction between the B-ring and Phe 134 ( Figure 8B ), strengthen the binding of BCA into the active site.
The docking conformation of XHN27 conforms to the binding pocket of aromatase and forms key hydrogen bonds between its 4'-F and the amide of Met 374 and the NH-of Arg 115 ( Figure 7C ). The A-ring and 4-imidazolyl are near Asp 309 and Thr 310, which form the catalytic cleft of the enzyme and provide van der Waals contacts with the side chains of these amino acids that extend into the access channel ( Figure 7C ). The B-ring is accommodated in the pockets, which consist of Leu 372, Val 373, and Met 374, and the hydrogen bonds provide strong contact with them. Moreover, a π-cation interaction is observed between the C-ring and the porphyrin rings ( Figure 8C ).
Discussion
Increasing evidence suggests that non-steroid AIs [40] are highly specific, potent and have less adverse effects during breast cancer treatment. These AIs such as anastrozole and letrozole [41, 42] , by non-covalently binding to the aromatase enzyme heme moiety and preventing androgen binding by saturating the binding site, are a successful alternative to tamoxifen as a first-line therapy in postmenopausal women. However, several clinical trials in postmenopausal breast cancer patients and healthy postmenopausal women treated with AIs evalu- inhibitors caused increased bone resorption and decreased bone formation [43] . Methods for characterizing aromatase activity that are amenable to HTS may serve as tools to investigate new compounds with less therapeutic risks. However, few such methods have been described. Both human placental microsomebased assays and cell-based assays employ tritiated Δ4A to measure aromatase activity. However, these methods require strict experimental environments and are not amenable for screening large compound libraries [23, 44] . Moreover, the purified aromatase used in our assay may avoid many of the variables that affect compound performance on target binding and signal reading such as cell membrane permeability, serum stability, plasma protein binding, and the interference of other microsome enzymes in catalyzing the substrate.
Here, we reported a rational approach for discovering novel aromatase inhibitors with a robust HTRF detection method that avoids the limitations of currently available methods [23, 24, 45] . The detection signal is inversely proportional to the estradiol concentration because the HTRF detection method is a competition assay. Because the detection signal of the aromatase reaction was almost confined to the linear range of estradiol variation and the concentration of the catalytic product would not exceed 10 ng/mL in the presence of 30 nmol/L substrate, the raw signal provides a representative estradiol concentration. Therefore, we plotted the curves against the calculated Delta F%.
In the kinetic assay of aromatase activity, the signals within different time courses were collected. The optimal aromatase amount was determined to be 0.15 pmol/well; resulting in a promising detection window. Moreover, we demonstrated a linear decrease in Delta F% with increasing incubation time within 1 h. It was confirmed that the aromatase reaction required cofactor NADPH as hydrogen donor and the NADPH-response curve demonstrated comparable enzyme activity between 600 nmol/L and 3 μmol/L. Therefore, the EC 80 of 600 nmol/L NADPH was used as a standard condition in our assay. The substrate dose-response curve indicated that when testosterone was used at concentrations above 100 nmol/L, the fluorescent signal may have experienced interference due to excessive substrate for the analogical structures of estradiol and testosterone. However, the Michaelis-Menten fit of the reaction velocity as a function of the substrate resulted in an approximate K m value less than 30 nmol/L for testosterone, which was in agreement with an earlier reported value [24] . Thus, the optimized assay condition of 30 nmol/L testosterone was selected in our protocol.
Furthermore, we determined the sensitivity of our method by testing the widely used aromatase inhibitor letrozole. The IC 50 value of letrozole was 30 nmol/L, in accordance with the literature data (0.67 nmol/L) [46] , indicating that this aromatase assay was comparable with the conventional human placen- [35] . Five hits were chosen based on their inhibition rate in the primary screening, and 4 lead compounds were confirmed in the secondary screening. These compounds belong to 2 chemical classes -flavone derivatives and diterpenoid alkaloid natural products. Among the verified hits, XHN27 was the most potent aromatase inhibitor. To explore the effect of XHN27 on breast cells, a cell proliferation assay was conducted. T47D is an ER-positive breast cancer cell line that demonstrates increased cell proliferation in response to estrogen [32] and was considered to be a suitable model for this investigation because it has been reported that T47D cells have the unique capacity to convert de novo [ 14 C]androstenedione into radioactive estrone and estradiol [47] . Letrozole was used as a positive control for aromatase inhibition [48] . This study demonstrated that XHN27 exhibits promising inhibitory action against breast cancer, better than BCA, and XHN27 may be a promising aromatase inhibitor candidate. As T47D cells are an ERpositive [49] and aromatase-expressing [50, 51] breast cancer cell line, aromatase inhibition and lack of estrogen after XHN27 administration may be lethal to these cells. However, the cytotoxicity of XHN27 and the cyp19 gene expression profile after treatment remain to be investigated.
To explore the mechanism of XHN27 aromatase inhibition, this compound, letrozole and BCA were computationally docked into the aromatase active site. We discovered that XHN27 exhibited a different binding mode compared with letrozole. In addition to the lack of an electron-donating group in the A-ring, which made the π-π connection to heme iron impossible, an opposite conformation of 4-imidazolyl with porphyrin rings indicated a much weaker interaction than that between the triazole of letrozole and the porphyrin rings. This explains why letrozole more potently inhibits aromatase activity. However, the B-ring formed hydrogen bonds with Met 374 and Arg 115. The docking results demonstrated that the 22-nitrile of letrozole formed hydrogen bonds with Met 374, indicating that electronegativity was important for the tight binding with aromatase, along with steric factors.
Thus, we concluded that XHN27 was the most potent among the three imidazolyl quinoline derivatives of flavone due to electronic and steric factors. The 4-nitryl of XHN26 was sterically bulky and the 4-methoxy of XHN22 was less electronegative. Moreover, the π-cation interaction between the C-ring and porphyrin rings may enhance the forces, suggesting that XHN27 exhibits a potent inhibitory action. It was considered that the isoflavone ring skeleton was inappropriate for the development of aromatase inhibitors because of its poor inhibition potency [52] . In accordance with this, we demonstrated during molecular docking that the B-ring of isoflavone BCA failed to be accommodated within the aromatase active pocket. However, by replacing the electron-donating group, the imidazolyl with a 4-carbonyl in the C-ring, the imidazolyl quinoline derivatives of flavone proved to be more potent aromatase inhibitors compared with BCA. Furthermore, the substitute of quinoline for the chromone nucleus of flavone would improve structural stability, which is important for drug development. Although competitive inhibition assays were not included in this study, it was speculated during the molecular docking study that XHN27 may be a competitive aromatase inhibitor. It was observed during docking that the interactions between XHN27 and aromatase included a hydrophobic interaction, hydrogen bond and π-cation connection. The lack of a covalent bond between 4-imidazolyl and heme iron due to the opposite conformation may indicate that the interaction was competitive and reversible.
In conclusion, we have developed an HTRF-based aromatase assay for high-throughput screening with a reasonable S/B ratio and Z′ factor. Using this assay, we discovered two classes of compounds, flavone derivatives and diterpenoid alkaloid natural products, confirmed the anti-proliferation effects of the most potent compound, XHN27 and delineated the structure-activity relationship for this compound. Further investigations on this compound should include diverse approaches such as the evaluation of its effects on other steroid receptors or enzymes, analysis of its metabolic stability, assessment of its toxicity and chemical modification for higher potency.
